We discuss how to use Wang-Landau simulations in an efficient manner to investigate the statistical mechanics of individual lattice polymers and peptides adsorbed at a planar surface. For nearest neighbor interactions, we show that a single Wang-Landau simulation, recording the density of states as a function of numbers of internal contacts and of surface beads, is sufficient to give a full description of the phase behavior of both adsorbed and desorbed states of single molecules. It is not necessary to introduce a second confining wall. Moreover, moves are never rejected due to overlap with the surface.
INTRODUCTION
There is considerable current interest in carrying out Monte Carlo (MC) simulations of simple models of polymers and peptides, with the aim of understanding their affinity for specific solid surfaces, and the intention of assisting in the design of new materials, which exploit this affinity. Although the model of a polymer whose monomers (beads) are confined to a regular lattice, with interactions only between nearest-neighbor beads, is a very simple one, it contains much of the essential physics and chemistry of the problem, especially the issue of locating minimum-energy folded structures, and balancing energetic and entropic effects in the thermodynamics of collapse and adsorption. The HP model of lattice peptides [1] , for instance, has been described as the "Ising model of protein folding" [2] . We shall be concentrating on this model in what follows.
The simulation of lattice polymers and peptides has been a fruitful area for the development of accelerated simulation methods in recent years [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The essential ideas behind the current work have been presented already in the context of the HP model and the simulation of confined ring polymers [21] [22] [23] [24] , so only a brief summary will be given here. G therefore has an internal energy -n G e .
In addition, we consider a planar surface defined by all the lattice sites for which
The peptide is restricted to Z m > 0 for all m ; in addition any peptide beads, which lie in the plane Z m =1, may interact with the surface with a nearest-neighbor attraction of strength -s .
We allow the surface sites to be of two kinds: attractive and non-interacting. In this paper, we assume that there is a regular pattern of the two types of surface site (for example, checkerboard or striped). Moreover, the attractive sites may interact with H beads, P beads, or both kinds. If s GXYZ denotes the number of such interactions (which clearly depends on both the internal configuration and the absolute position of the peptide) then the total energy is
A snapshot of a typical configuration is shown in Figure 1 . Several Monte Carlo methods have been applied to study this system. Here we focus on density-of-states sampling using the Wang-Landau algorithm [25, 26] . Briefly, the aim of such a simulation is to sample states of the system from a probability distribution, which is inversely proportional to the density of states W n, s 
where f is a scaling factor initially set to e = 2.71828. This has the effect of reducing the acceptance probability of future attempted moves to the same values of n, s ( ) and, eventually,
generating an approximately flat visit histogram. After H n, s ( ) passes a "flatness test", the scaling factor f is reduced, the visit histogram re-initialized to zero, and the process repeated.
Eventually, f ®1 and, when sufficiently close to this limit, the simulation is taken to have converged. The original prescription [25, 26] for reducing f at each stage was f ® f but there are arguments for using a more conservative scheme, and this is what we employ here [22] [23] [24] . Finally, we note that we employ a Monte Carlo move set known as "pull moves" [3, 17, [21] [22] [23] [24] which allows the peptide to explore configuration space efficiently. The essential output from a single Wang-Landau simulation is the density of states itself, which may be used to compute thermodynamic properties, and other quantities, in the canonical ensemble at any desired temperature. The partition function may be written ( ) which is, to within a constant of proportionality, the number of such states that have the prescribed combination of internal and surface contacts. The remainder of the sum is performed explicitly. Canonical ensemble average values of (powers of) the energy, and fluctuations in the energy which give the heat capacity C , are straightforwardly obtained
and indeed it is possible to measure the separate contributions to C of fluctuations in internal contacts, surface contacts, and cross correlations between them. Now we come to the key part of this paper, regarding the way that simulations of this kind are used to investigate adsorption at a single surface. The restriction of the polymer beads to the region z > 0 leaves the desorbed molecule free to explore the infinitely large upper halfspace; in other words, the system is unbounded. To counter this, and ensure that the system has "regularized" thermodynamic behavior, two approaches are in common use. The first is to study a system in which one end of the polymer is permanently "tethered" or "grafted" to the surface [12] [13] [14] [15] [16] . This has the disadvantage of being different from the physical system of interest, in many cases, namely adsorption of free molecules from the bulk. The more common alternative is to add a second, confining, wall, parallel to the surface of interest, far enough away to interfere only minimally with the adsorption [2, [6] [7] [8] 17, 20] . This is usually called "slit" or "slab" geometry. The two approaches have been compared recently [19] .
Simulations in slab geometry suffer from at least two unnecessary sources of inefficiency. Firstly, moves of the peptide may be rejected due to violation of the condition Z m > 0 for any monomer, in other words "overlap with the walls". Secondly, any transition between the adsorbed (more specifically s > 0) and desorbed ( s = 0) states requires proximity of the chain and the wall. Typically, a molecule making a desorbed, diffusive, excursion in the slit will experience long intervals between opportunities to make such transitions, during which values of W n, s = 0 ( ) will accumulate relative to the un-sampled states with s > 0. These excursions will be interrupted by long periods in the adsorbed state in which the overwhelming fraction of attempts to desorb will be rejected, due to the accumulated imbalance in values of We have proposed a third approach to the simulation of adsorption in systems of the kind discussed here, which avoids both these problems [21, 24] . In essence, the peptide is always kept in contact with the surface, for the purposes of counting the surface interactions. To understand this, it is convenient to define the reference position of the peptide to be
i.e. the minimum in each Cartesian direction, over all beads m =1, 2, , L . Then, if Z >1, the peptide is desorbed from the surface, and s = 0, while if Z =1 then the peptide is adsorbed, and s = s GXY is the number of interactions involving beads on the lowest surface of the peptide. It is only necessary to sample the Z =1 case, and for this case we can regard s as depending only on the internal state G and the coordinates X and Y which are sampled by the pull moves in the usual way. (For the patterned surfaces of interest here, these coordinates need only range over the periodicity of the pattern in each direction). Each pull move can be regarded as being combined with the unique vertical translation that brings the surface into contact with the peptide: overlaps of monomer beads with the surface, and desorbed configurations of the peptide, never arise. These simulations give the density of states W n, s
GXY . There is no need to perform any simulations of the desorbed peptides, because the number of associated internal states is simply the sum, over s , of corresponding adsorbed states having the same value of n . The same observation applies to the partition function for desorbed states at any chosen temperature:
We term these "wall-free" simulations, because there is no need to consider wall overlaps at any stage: the simulations simply serve to count the relevant states, resolved by internal and surface contacts. Elsewhere [24] we describe how this approach can be extended to describe the statistical mechanics of polymers, which are confined between two walls, again without the need to consider wall overlaps. Here we focus on the single-wall adsorption thermodynamics. For an ideal gas of non-interacting peptides, at activity with a similar formula for the desorbed molecules. Accordingly, the ratio of adsorbed to desorbed molecules is simply the ratio of the corresponding partition functions, a result which also follows directly from the definition of the partition function. (We note in passing that the adsorption isotherms derived from single-molecule simulations are trivial compared with the well-known Langmuir and BET forms, unless significant assumptions regarding intermolecular interactions are made). In the following, we compare the adsorption of a given molecule from bulk onto two different surfaces, A and B, under identical thermodynamic conditions, on a logarithmic scale, using the following quantity:
RESULTS
We present here some specimen results, for a single peptide of length L = 36 consisting of the sequence PHP repeated twelve times. This peptide has a well-defined ground state in the bulk, in which a cuboidal 2 2 3 hydrophobic core is formed, shielded almost completely by polar beads [31] . We have computed the phase behavior for a wide range of patterned surfaces. Here, we just compare two surfaces against each other: surface A consists of 2 2 squares of each type (attractive and non-attractive) in a checkerboard arrangement, while surface B has alternating stripes of width 3 lattice units. In both cases the attractive sites interact with polar beads only. The surface phase diagrams of both systems, in the form of heat capacity plotted as a function of the internal interaction strength and surface interaction strength, both normalized by temperature, are shown in Figure 2 . Both systems show a similar set of (pseudo-)phase transitions: between adsorbed and desorbed phases, on varying the surface attraction, and between expanded and collapsed phases as the internal energy terms are varied. The desorbed collapsed phase (the bulk ground state) also has a variant termed the "surface attached globule", which sacrifices orientational freedom in favor of maximizing the surface energy. The general nomenclature of the five main phases is well established [15, 16] . A snapshot of the DE (desorbed expanded) phase for surface A appears in Figure 1 . The AC (adsorbed collapsed) phases are shown in Figure 3 . The geometry of the striped pattern restricts the internal interactions in surface B, and this effect is even more noticeable for the AE (adsorbed expanded) phase illustrated in Figure 4 , where the two-dimensional configurational entropy appears to be severely reduced by confinement due to the pattern. For this reason we denote these phases as ACP and AEP on surface B. The relative thermodynamic affinity of the peptide for surface B relative to surface A is measured by the quantity R defined in equation (8) . This is plotted as a function of the interaction strengths in Figure 5 . This shows three broad regions. At low surface attraction, there is little discrimination between the two surfaces. At high surface attraction, the expanded phase is more strongly attracted to surface B, while the compact phase is more strongly attracted to surface A. This last result is understandable in terms of the energetics: on both surfaces the compact phases can optimize their surface energies perfectly, but the checkerboard arrangement allows a slightly more favorable arrangement of H-H interactions. The changeover to surface B following the two-dimensional expansion transition can only be explained by configurational entropy on the surface: both phases again optimize their surface energies, but the number of ways of doing this on the checkerboard is less than on the stripes, contrary to what might be assumed from a cursory inspection of Figure 4 . Interestingly, this changeover can be induced by varying the temperature alone, for a suitable ratio of s /e , since this corresponds to taking a path along a straight line through the origin in Figure 5 .
CONCLUSIONS
This paper has shown explicitly how the adsorption of a simple lattice model of a peptide, at a planar surface, with a regular pattern of adsorption sites, may be obtained by a single WangLandau Monte Carlo simulation which does not require a second, confining, wall. The simulation determines the density of states of the peptide resolved by the numbers of internal contacts and surface contacts in the adsorbed state, while simultaneously calculating the same quantity for the desorbed state. An example has shown how the preference of a simple, regular, peptide for a checkerboard or striped surface, may be influenced by varying the temperature, and driving the system through the expanded-compact phase transition.
The principal advantage of the approach proposed here is that it avoids slit geometry, or tethering to the surface, which introduce some differences from the system of interest. Simulations in a wide slit most likely introduce some inefficiencies, including move rejection due to overlap with the walls, and long periods spent in either adsorbed or desorbed states, again with some attendant move rejection. The present approach does not suffer from these problems.
We have investigated some ways of improving the efficiency of the basic method used here: for instance, there is nothing intrinsically unique about the z-direction, so any peptide move could be accompanied by a choice between different orientations relative to the surface, with the possibility of optimization. However, to date we have found no substantial speedup using this approach.
